Abstract-This paper deals with precise insertion processing (peg-in-hole task) for speeding up and increasing flexibility of assembly process in factory automation. When a gap between a peg and a hole is narrower than positioning accuracy of robotic manipulator, it is impossible to succeed the peg-in-hole task by conventional position control methods. Moreover, in the case that a robotic hand holds a deformable thin ring and put it around a shaft, the insertion process becomes increasingly difficult because the gripping force deforms the ring and the narrow gap is crushed. We propose a novel mating technique based on passive alignment principle (PAP) in order to solve the twin problems of accuracy and deformation. The PAP mechanism can correct the ring position in nanoorder and remove the ring deformation. We derived the limitations of the PAP, which are remaining position errors after the PAP applied, based on Hertz stress. We also analyzed accuracy requirements of industrial robotic manipulator for applying the PAP and calculated allowance diagrams. We conducted 280 mating and insertion experiments with four kinds of materials of rings and shafts with three different insertion directions. The success rate 97.8% validates our proposed PAP-based mating algorithm.
Passive Alignment Principle for Robotic Assembly Between a Ring and a Shaft
With Extremely Narrow Clearance
I. INTRODUCTION

R
OBOTIC assembly is one of the most important processes in factory automation. The robotic assembly is repeated many times in many situations and has a great influence on the cost, on the manufacturing time, and also on the quality of products. The current trends of end products are close packed as well as downsizing that would require the precise assembly methods. In the recent report, the desired assembly accuracy is extremely J. Takahashi is with the Department of Integrated Information Technology, College of Science and Engineering, Aoyama Gakuin University, Sagamihara 252-5258, Japan (e-mail: takahashi@it.aoyama.ac.jp).
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Digital Object Identifier 10.1109/TMECH.2015.2448639 high [1] , for instance, the clearance between the peg and hole is 9 μm (50 H8/50 g7). The downsizing of products induces thinning of parts and causes a deformation problem during assembly. In the case that a robotic hand holds a deformable thin ring and put it around a shaft, the insertion process becomes increasingly difficult because the gripping force deforms the ring and the narrowest clearance is crushed.
On the other hand, future production systems are expected to cope with manufacturing of wide variety of products in small quantities [2] , [3] . The most effective solution for this requirement is an intelligent manufacturing which can automatically adapt to changing environments and varying process requirements. In order to keep the flexibility in manufacturing, the intelligent manufacturing-based production systems should include as few special processes as possible, which are realized by specialized robotic systems or skillful human workers. In other words, automated production systems should be reorganized with versatile robot systems, such as a 6-DOF robot manipulator and a multifingered robotic hand.
According to our own survey, the positioning repeatability of the most accurate 6-DOF robotic manipulator in the world is ±0.010 mm (see Table I ). Therefore, the peg-in-hole task with clearance which is smaller than 20 μm cannot be succeeded by any manipulators with conventional position control. In order to succeed the peg-in-hole task with extremely narrow clearance by the 6-DOF robotic manipulator, a new automatic precise mating and insertion method would be necessary.
Whitney gave kinematic analyses of the peg-in-hole problem and proved that the jamming and wedging could be avoided by placing the compliance center at or near the tip of the peg [4] . A remote center compliance (RCC) device, which realizes the compliance effect passively, has been put for practical use and been studied for long time [5] - [8] . The RCC device, however, has the following problems: it cannot be applied for a hole part that has no or too small chamfer because the RCC effects the peg part when they contact each other on their own chamfer, and it cannot be applied for a nonvertical insertion direction because the RCC device holds the peg part with hanging by elastic elements.
Active compliance, using force feedback control, has also been studied extensively. The first interaction control of manipulator was given as hybrid position/force control [9] . How to apply the hybrid control to a peg-in-hole problem was introduced in detail in [10] . Then the impedance control [11] , which enables a robot manipulator to maneuver in a constrained environment maintaining adequate contact forces, was proposed. Koide applied impedance control to the peg-in-hole task and succeeded on the condition that the clearance was 40 μm [12] . Joo proposed a mating algorithm that sequentially explores fine geometrical relations of peg and hole based on the direction of contact force and succeeded when the clearance was 10 μm [13] by the 4-DOF manipulator. Tsumugiwa proposed a control strategy for the human-robot cooperation in the peg-in-hole task. This strategy ensured the success of the case that the clearance was 30 μm [14] . Before now, the peg-in-hole task with the clearance smaller than 10 μm has not been succeeded by the 6-DOF manipulator. Furthermore , these strategies including force feedback control are not suitable for speeding up because they need a parameter tuning phase of "try and error" before running. Although the issue of automatic parameter optimization has studied from several aspects [15] - [17] , they still need more than several tens of seconds for parameter tuning and do not reach fundamental solution.
We should look around studies of deformable component assembly. Robotic manipulations of deformable objects, such as cables, fabric, or foam rubber, have been extensively discussed in [18] . One of the difficult problems is recognizing the structure of deformable components. Matsuno applied topological model and knot theory to recognize a wire structure by a single camera [19] . Yasuno utilized 3-D range sensor and force sensor for recognizing connector with flexible cable [20] . Jian utilized image markers attached on wire harness for recognizing wire structures and connector orientations in practical scenario such as a car production line [21] . Another difficult problem is how to realize a secured mating between deformable objects. Huang constructed a force-displacement model of successful mating process through experiment with typical connectors and developed a fuzzy-based classifier for fault detection and diagnosis [22] . Fei proposed error recovery strategies for connectors mating based on force sensor [23] . These approaches give less weight to precision because positional error can be cancelled by deformable components. So, they are not suitable for our targeting precise assembly.
The purpose of this research is to develop a new insertion method that enables a versatile robot system to execute assembly task with the clearance smaller than 10 μm. The concrete target task presented in this paper is that a robotic hand holds a deformable thin ring and put it around a shaft (see Fig. 1 ). This task appears frequently in manufacturing scenes including fabrication of cylindrical components, such as a piston and a piston ring in reciprocating engine, a rotor and a shaft bushes of flat motor or hard dDisk drive (HDD), a lens and a flange of zoom lens system, and so on. The inside dimension of the ring and the outside dimension of the shaft are φ50H8(50 +0.039 0.000 ) and φ50g7(50 −0.009 −0.034 ), respectively. Therefore, the narrowest clearance is 9 μm in our target assembly task. In order to accomplish the assembly target, we propose a passive alignment principle (PAP) for reduction of positioning errors of robot and a new mating and insertion algorithm using the PAP.
The most significant difference between the conventional method and our proposed method is where the compliance is realized. Most of all conventional studies assumed that a robot hand holds a peg tightly, or else the peg wobbles due to its long unbalanced shape. Therefore, the compliance, which is absolutely necessary for assembly without jamming, is realized on a list (RCC device) or joints of robot arm (compliance control). In the assembly of electric connectors case, the deformable plastic connectors realize the compliance. On the other hand, our proposed method accepts a loose grip because the ring is usually short in axial direction and easy to be dealt with. The loose grip approach makes it possible to set compliance on contact point, and the one of examples is the PAP.
In Section II, the mechanism and the limitation analysis of PAP are described. In Section III, a novel mating algorithm using PAP is given, and in Section IV, the proposed PAP-based insertion algorithm is evaluated in repeatable mating and insertion experiments. Then, the validity is discussed on the basis of the experimental results. In Section V, the generality of the PAP is discussed from theoretical and experimental aspects. In Section VI, we summarize this paper and mention our future work.
II. PASSIVE ALIGNMENT PRINCIPLE
A. Mechanism
The mechanism of the PAP is simple in spite of its lots of advantages. Fig. 2 shows that rings and shafts are aligned in line by the effect of the PAP. Two parallel shafts hang four rings respectively. The one shaft is fixed on a table and another shaft is fixed on a robot arm. The robot arm forces two shafts to come closer. When the distance between the two shafts is not close enough, the centers of rings have some displacements in tangential direction because of gravitational force. When the shafts come close enough, the displacement of each ring comes to zero, and then the center point of the rings, the center of shafts, and their contact points lie in a straight line.
B. Limitation Analysis based on Hertz Stress
Assuming that materials of the finger, ring, and shaft are rigid bodies, the displacement of tangential direction decreases to zero. However, considering the precise mating process, the effect of elastic deformation cannot be neglected. The remaining pose error after the PAP effect is analyzed here.
When each part is elastic, a contacting surface is formed due to the deformation of part (see Fig. 3 ). The size of the deformation area is given from Hertz's contact stress formulation [24] , [25] . Considering a contacting surface between the finger and the ring, the width 2a is given as follows:
where E denotes Young's modulus of each material, ν denotes the Poisson ratio of them, l denotes the contact length (vertical to paper), 1/R denotes the curvature, and F rp denotes the force from the finger to the ring. When the contact surface is plane as shown, 1/R is zero by the definition of Hertz's formulation. In Fig. 3 , the ring receives contact forces F f r from the finger and F sr from the shaft. When the center of the ring has a gap C rx from the shaft center in x-direction, F f r and F sr , which has an angle, impinge on the ring as rotational moment to reduce C rx . However, in the case that the extended line of the F sr crosses the area of contact surface, the rotational moment presumably decreases. Therefore, the remaining pose error is given as follows:
Let the origin locate on the center of the shaft, then the center of the ring is (C rx , C ry ). The lateral face of the shaft and the inner face of the ring are expressed as follows:
From the relation of ratio of length, following equation is derived:
From the contact point J rs (x rs , y rs ), which comes from (3a) and (3b), and from (4), m can be derived as follows:
By substituting a and m into (2), the remaining pose error after the PAP effect can be derived as follows:
For example, in the case, where the diameter of shaft is φ50, the ring material is acrylonitrile-butadiene-styrene (ABS) (E r = 2.0 × 10 9 N/m 2 , ν r = 0.35), the material of finger is aluminum (Al) (E f = 70 × 10 9 N/m 2 , ν f = 0.34), the contact length is l = 0.5 mm, the maximum of remaining pose error is C * rx = 0.0072 μm. This is negligibly small to the narrowest clearance 9 μm. So, the remaining pose error of the PAP effect has no influence on mating.
III. INSERTION ALGORITHM BASED ON PAP
A. Algorithm Overview
It is an important matter how to treat the issues of accuracy and deformation. In this algorithm, the issue of accuracy is solved by the PAP and the issue of deformation is solved by the process of relaxing the grip force without dropping the ring. Including these key techniques, our proposed algorithm consists of four processes. The flowchart of whole process of insertion algorithm is shown in Fig. 4 . The graphical explanation of insertion algorithm is shown in Fig. 5 . First, details of the algorithm are described with each step, then the requirements of initial state 2)
Step 2 (Relaxing Grip Force): After the ring contacts the shaft in its inner edge (J rs ), Step 2 starts. The robot hand relaxes the grip force and the three fingers of robot hand moves outward. At the same instance, the robot manipulator makes small movement toward the shaft by the distance which is same to the finger 1 movement. This movement keeps contact of the ring with the shaft. Hence, the ring is pinched by the finger and the shaft so as not to fall down even if the grip force disappears.
3)
Step 3 (PAP): Deactivating off the grip force enables the ring to move freely in the horizontal direction. Therefore, the PAP performs well and the position error δx comes to zero so that the center point of ring (C r ) and the center point of shaft (C s ) get together. Additionally, the disappearing of grip force restores circular shape of the ring from deformation. The issue of robot accuracy as well as the issue of ring deformation are solved here.
4)
Step 4 (Mating and Insertion): Since the robot manipulator rotates the robot hand, the θ x comes to zero with keeping the contact of ring and shaft at J rs . Though the ring is not restrained by fingers in horizontal direction, the top face of ring is pressed by fingers so as to rotate with the robot hand. Fig. 5 shows the finger's action clearly. This movement is realized by the compliance control with force feedback described in Section III-D. After rotation movements, the robot manipulator goes straight in shaft direction to insert the ring deeper. The fingers do not hold the ring but just press it on the top surface, neither jamming nor wedging occurs.
C. Requirements: The Allowance Position Range of Initial State
Here, we derive the allowance ranges of θ init x and z init . Let D r and D s denote the internal diameter of ring and the diameter of shaft, respectively. Both of the edges are chamfered with C(d ch ) (see Fig. 6 ).
First, the step 1 is considered. In order to prevent the ring and the shaft from contacting on their chamfer 2d ch < z init (7) must be met. The relation between θ init x and z init is given from the condition that the internal side face of ring contacts with the lateral side of shaft as follows:
The lower limit of θ init x is determined from (7) and (8) sin
There is no geometrical upper limit θ init x , it should be as small as possible considering the PAP mechanism.
Next, we consider step 4. The condition that the horizontal projection of the internal diameter of ring is larger than the diameter of shaft is given with the ring angle at the moment of mating: θ
From this, the upper limitation of z init is derived as follows:
Comparing (8) and (11), the condition defined by (8) is more stringent. Hence, the limitation of z init is determined as follows:
Next, we consider the allowance range of δx. The δx is equal to the C rx in Fig. 3 . Let us suppose that the ring is tilted slightly; the tilt angle is θ x . Then, the internal curved edge of the ring is given as parametric equations with a parameter u (0 ≤ u < 2π) and expressed as follows:
The ring edge is required to contact the shaft on side, neither on edge nor on top face, so that the ring is subjected to the PAP effect. Based on appropriate contact conditions of the ring and shaft, the allowance range of δx together with the ranges of θ x and z init can be calculated using (9) so that the allowance diagram is obtained. A specific example of the allowance diagram, in the case that φ S is 50.013C0 and φ R is 50.019C0, is shown in Fig. 7 . The hatching region represents the allowance region of δx and z init . The positioning error span of the robot manipulator, which is aiming x = 0.0 and z init = 0.5, is drawn as white square. So, the allowance region clearly covers the positioning error span of the robotic manipulator.
D. Compliance Control With Force Feedback
The compliance control, the block diagram of which is shown in Fig. 8 , is applied for robotic manipulator. The K s = 
IV. EXPERIMENTAL STUDY
A. Environment and Conditions
The experimental environment is shown in Fig. 9 . The robot system consists of a 6-DOF manipulator (RV1A, Mitsubishi Electric Corporation), a control box (CR1, Mitsubishi Electric Corporation), a 1-DOF three-fingers gripper (ESG1-ST, TAIYO Ltd.), and a six-axis force sensor (IFS-67, NITTA Corporation) placed between the manipulator and the gripper. The control box measures and controls joint angles of manipulator. The conversion calculations between joint space and Cartesian space are executed in the control box. The control box, the gripper, and the force sensor are connected to Windows XP machine (Core i7, 3 GB memory) via TCP/IP communication, USB port, and special Ethernet-based communication, respectively. The sample time of the system is around 7 ms. There are three target shafts in the work space. The target 1 is an Al shaft fixed on the flat table. The target 2 is a polyoxymethylene (POM) shaft fixed on the vertical base. The target 3 is a polycarbonate glass fiber (PCGF) shaft fixed on the inclined base so that the axial direction of the shaft inclines at a 45
• angle. There are three ring-supplying trays. They enable the robotic manipulator system to pick up a ring properly before each assembly process.
We prepared four materials: Al, PCGF, ABS, and POM so as to validate the applicability of various materials. More than five rings per material were machined, and the smallest one of each material was used for experiments. Also, one shaft per material were machined, and used for experiments. Details of the rings and shafts for the experiments are shown in Table II . For measuring the parts, we used a manual floating-type coordinate measuring machines (Crysta-Plus M544, Mitutoyo Corporation).
Through all experiments, the initial postures of ring were all the same, such that θ init x = 1.4
• and z init = 0.5 mm. Also, the parameters for gripper control were fixed to the same values suited for Al-ring case, that the gripping force of the ring was F g = 7.0 N and the width of finger movement at the step 2 was h d = 0.1 mm. The contact condition was set as
The calibration process for orienting the robot-coordinate system to the shaft-coordinate system was conducted before experiments. When the robot hand grabs the shaft while the robot arm is under compliance controll, the reaction forces F x and F y are measured. The arm position which gives smallest F x and F y is the center of shaft. By duplicating this operation at different height (z), the inclination between the two coordinate systems can be corrected. For z-axis orientation, a ring is used. The robot hand grabs a ring and touches the upper surface of shaft with the ring. The z-position where reaction force F z generates is the height of shaft.
B. Procedures 1) Experiment I:
In order to check the tolerance against pose errors, we examined the cases that the x-direction error δ x were set to 0, 100, 200, . . ., and 800 μm purposely. The sizes of ring and shaft in this experiment were equal to those of Section III-C, where the allowance diagram was calculated.
2) Experiment II: In order to validate the reliability for repeated tasks, we conducted 280 trials in total. They include not only the trials for target 1 but also the trials for target 2 and 3.
C. Results and Discussion 1) Experiment I: The snapshots in experiment I are shown in Fig. 10 . The left one is the moment of step 2 and 3 when the PAP is working. The graphs of pose and force measured in respective cases in experiment I are shown in Figs. 11-14 .
In the case of δx = 0 μm, we can see the first contact between ring and shaft from the increasing of contact force, which expressed as decreasing of F y , around t = 500 ms. Then, the step 2 (relaxing grip force) begins and the contact force decreases due to the finger movement. However, the manipulator is moved immediately and the contact force is kept within the desired range by the compliance control. Although the effect of PAP is not shown in the graph, step 3 is considered to perform immediately after step 2. The rotation movement and the insertion movement in step 4 are shown as the decreasing of θ x and decreasing of z, respectively. It takes about 3 s. to complete the one insertion task. The result graphs in the case of δx = 100, . . . , 500 μm are similar to that of the case of δx = 0.
We are interested in the results that the x-direction error is on the border or out of the allowance range. Fig. 13 shows one of the typical results of border cases. Focusing on the reaction force F z , we can see a drastic increase of F z after rotation motion (t = 1500 ms) and in the middle of insertion motion (t = 2400 ms). This is because the PAP ends in failure and the position error remains. So, mild jamming occurs and causes the increase of reaction force in insertion direction. The insertion task itself has been successful, but the parts might be damaged by an extra reaction force. Fig. 14 shows that the x-direction error is out of the allowance range. At first glance, it appears that up to step 4 (rotation) has been successful, but this is a wrong interpretation. In fact, the ring falls and gets stuck among the fingers and the shaft at step 2. The failures of step 2 and 3 are reflected in the trajectory of y, which seems different from the successful cases. Although the graphs presented here were only a part of our experiments, other trials resulted similar. We can say that the algorithm requirements derived in Section III-C are almost correct.
2) Experiment II: We got a 97.8% success rate in 280 trials including not only vertical insertion direction but also the horizontal and 45
• of insertion directions. The detailed results are shown in Table II .
Let us consider the cause of failures in the case of POMring and ABS-ring to Al-shaft. The POM and ABS are softer than Al and easily deformed. However, the setting of gripping force and the width of finger movement are configured for Alring. So, the deformation of POM/ABS-rings still remains after step 2 and causes the failure.
On the other hand, the failure in the case of Al-ring to PCGFshaft is caused by another reason. The PCGF-shaft is softer than Al-ring. Besides, the edge of Al-ring is not chamfered, and cuspidate. So, the edge of Al-ring cuts into the surface of PCGFshaft in rare cases and leads to a failed insertion. Therefore, these failures can be avoided by setting the grip force proper for materials or arranging the angle θ x and the contact force between the ring and shaft. 
V. GENERALITY OF THE PAP
Because the PAP-based insertion method is new, it is helpful to discuss the generality of the method for future research. The limitations and requirements of PAP-based insertion algorithm are as follows. 1) Size: The size/clearance limitation of ring and shaft is given as an allowance diagram like Fig. 7 . We can select feasible sets of ring and shaft from the condition, which the allowance area cover the positioning error span of the robot manipulator. 2) Shape: The shapes of hole and peg must have rotational symmetries through any degrees because the PAP corrects the positioning error by rotating the ring. Briefly the shapes must be circular. 3) Stiffness: The ring must be stiff enough to be selfrestoring when the grip force is decreased. The shaft should also be hard to prevent the edge of ring from cutting into the surface. 4) Weight: The ring must be light enough not to be unstable while it is pinched by finger and shaft in Step 2 and Step 3. 5) Contact force: Though the PAP itself works with weak force, a certain force is required to keep the ring stable in step 2 and 3. The lower limit and upper limit are subject to the influence of the weight of ring and the stiffness of the shaft, respectively. 6) Direction: The PAP-based insertion algorithm can be applied for insertion tasks in all directions. Although the upside down insertion with PAP was not tested, it is thought to be possible. The points are Step 2 and
Step 3, where the ring posture becomes unstable. Even if the ring posture is unstable, it is believed that the dimples of fingers (see Fig. 4 ) can hold a ring and prevent it from falling down as well as horizontal insertion.
VI. CONCLUSION
We proposed a PAP for robotic assembly with extremely narrow clearance. The PAP affects a contact point of two circular surfaces, such as a lateral face of shaft and an inner face of ring, and adjusts the ring position so that the center point of the ring orients to the center point of the shaft. We analyzed the mechanism of the PAP based on Hertz contact stress, and confirmed that the remaining errors after the PAP become smaller than 0.1 μm even if the ring or shaft are soft material like a plastic. We applied the PAP to an assembly problem, which a robotic hand holds a ring part and insert it in a shaft part, and also developed a mating and insertion algorithm based on the PAP. We calculated an allowance diagram of typical case as accuracy requirements of the algorithm, and confirmed that the accuracy requirements can be satisfied easily by a general 6-DOF robotic manipulator.
We validate our proposed PAP-based insertion algorithm with two experiments. The experiment we proved that the algorithm was tolerant to x-directional positioning error. The results supported the allowance diagram as algorithm requirements. The experiment II proved that the algorithm was reliable in repeated task. The algorithm failed only six times in 280 trials. The causes of failures have been elucidated, and they can be solved by adjusting parameters, such as the grip force, the width of finger movement, and the contact force.
Consequently, our proposed PAP-based insertion algorithm is tolerant to robot positioning error and reliable in repeated tasks, and enables a general 6-DOF robotic manipulator to complete a precise robotic assembly task with extremely narrow clearance, such as 6 μm.
The assembly between a ring and a shaft appears frequently during manufacturing scenes including fabrication of cylindrical components, such as a piston and a piston-ring in reciprocating engine, a rotor and a shaft bushes of flat motor or HDD, a lens and a flange of zoom lens system, etc. Although the PAP was invented in a problem setting that a robot hand hold a ring and put it around a shaft, it can also be applied for the case when a robot holds a shaft and inserts it in a hole. In that situation, investigations of allowable length and weight of shaft are next challenge. One of the future works, except for extending the limitations mentioned in Section V, is speeding up the whole process. This issue will be solved by tuning parameters suited for each task and utilizing a robot system with shorter control cycle.
